Objective: To investigate the histopathology of the arachnoid granulations in patients with HIV-associated cryptococcal meningitis and correlate the findings with clinical data, in particular cerebrospinal fluid (CSF) opening pressure.
Introduction
HIV-associated cryptococcal meningitis is a major cause of death in sub-Saharan Africa [1] . Raised cerebrospinal fluid (CSF) pressure is an important contributor to the morbidity and mortality associated with cryptococcal meningitis [2, 3] and is common, with approximately three-quarters of patients having a CSF opening pressure higher than 25 cmH 2 O in a large series [2] . Higher CSF opening pressures were associated with higher frequency of headache and neurologic findings. Furthermore, patients with raised intracranial pressure had reduced short-term survival compared with patients with baseline pressures less than 25 cmH 2 O [2] . Given this adverse association, and based on the hypothesis that raised pressure results from mechanical obstruction to CSF outflow by organisms or shed polysaccharide, guidelines recommend aggressive management of raised CSF pressure through repeat lumbar punctures with careful drainage of CSF [4] .
Consistent with obstruction to CSF outflow by organism and/or cryptococcal polysaccharide as a mechanism of raised pressure, CSF pressure is positively correlated with CSF cryptococcal antigen (CRAG) titer, the proportion of patients with positive India ink smears, and cryptococcal colony-forming units (CFUs) in CSF [2, 5] . However, direct evidence for obstruction to CSF outflow has not been presented to date, and alternative theories as to the basis of raised intracranial pressure in cryptococcal meningitis have been proposed, including increased vascular permeability and cerebral edema resulting from cytokine-induced inflammation, and an osmotic effect of fungal mannitol [6] .
Therefore, at Jooste hospital, Cape Town, South Africa, postmortems were requested on patients dying during initial hospitalization with cryptococcal meningitis. Care was taken to preserve and examine the arachnoid granulations in particular. Samples were taken for routine histology as well as for electron microscopy. The formalin-fixed specimens were processed routinely and representative sections were stained with hematoxylin and eosin, mucicarmine, elastic Von Gieson stain and periodic acid Schiff. The number of cryptococcal cells present in arachnoid granulations was assessed using a Nikon COOLSCOPE (Nikon, USA) to photograph 10 highpower fields. Fungal cells in 10 fields were counted and expressed as mean cryptococcal cells per high-power field. The findings were correlated with the clinical and CSF opening pressure data.
Histopathological case series
Two patients with high cerebrospinal fluid pressure Case 1 A 26-year-old woman presented with a 4-day history of headache and blurred vision. Her mental status was normal. Visual acuity was 6/9 in her right and 6/6 in her left eye. Initial CSF results were white blood cells (WBCs) 1 cells/ml, protein 0.24 g/l, glucose 1.8 mmol/l, quantitative culture 790 000 CFUs/ml CSF. The CSF opening pressure was 36 cmH 2 O. The CD4 cell count was 26 cells/ ml and HIV viral load was 500 000 copies/ml. The patient was treated with amphotericin B and flucytosine. Despite serial lumbar punctures, severe headache persisted and bilateral sixth cranial nerve palsies developed on day 6.
Opening pressure on day 6 was 80 cmH 2 O. Continued daily lumbar punctures did not control pressure and visual acuity deteriorated in right eye 6/24, left eye 6/9 on day 8, and light perception only on day 12. A lumbar drain was inserted. Despite this, the patient's condition deteriorated and the patient died on day 14.
Postmortem showed a basal meningitis. The arachnoid granulations contained numerous cryptococcal cells (mean 286/high-power field, range 96-589) with very little inflammatory reaction ( Fig. 1d and e) . Fungal cells were found in the Virchow-Robin spaces around vessels as well as within the brain, although notably fewer than in the arachnoid granulations (Fig. 1f) .
Case 2
A 31-year-old woman presented with a 2-day history of headache, seizures, and confusion. Glasgow Coma Scale was 12/15. There was no focal neurology. CSF results were WBCs 41 cells/ml, protein 1.15 g/l, glucose 2.7 mmol/l, CRAG titre of 1 : 2084, quantitative culture 2 250 000 CFUs/ml. Opening pressure was 18 cmH 2 O on admission and 53 cmH 2 O on day 3. The CD4 cell count was 99 cells/ml and HIV viral load 2400 copies/ml. On the second day of treatment with amphotericin B and flucytosine, the patient developed respiratory distress, a chest radiograph revealed a right lower lobe infiltrate, and antibiotics for aspiration pneumonia were started. The patient died on day 3.
Postmortem showed cryptococcal cells in the arachnoid granulations (mean 36/high-power field, range 11-62, which contained a neutrophilic infiltrate, fibrosis, and stromal necrosis ( Fig. 2a and b) . The channels were compressed. Venous thrombosis of meningeal vessels at the depths of the sulci was noted.
Two patients with moderately raised cerebrospinal fluid pressure Case 3 A 33-year-old man presented with headache. He had a left sixth cranial nerve palsy. CSF showed WBCs 0 cells/ ml, protein 0.57 g/l, glucose 1.3 mmol/l, quantitative culture 1 130 000 CFUs/ml. CSF opening pressure was 28 cmH 2 O. The CD4 cell count and HIV viral load are not known. The patient died the day after admission. Postmortem showed arachnoid granulations with cryptococci (mean 61 /high-power field, range 44-126), chronic inflammation, neutrophils, and fibrosis.
Case 4
A 33-year-old woman presented with a 1-month history of headache, photophobia, vomiting, and seizures. She had a left sixth cranial nerve palsy. Mental status was normal. CSF results were WBCs 5 cells/ml, protein 0.37 g/l, glucose 2.2 mmol/l, quantitative culture 695 000 CFUs/ml. CSF opening pressure was 25 cmH 2 O. The CD4 cell count was 19 cells/ml and HIV viral load was 450 000 copies/ml. The patient died suddenly on the second day of antifungal therapy.
The postmortem showed disseminated cryptococcosis. Cryptococcomas were found in the lungs, lymph nodes, adrenals, spleen, liver, and brain. Cryptococcal meningitis was evident with a giant cell and lymphocytic reaction. The arachnoid granulations contained cryptococci (mean 20/high-power field, range 3-48) and an inflammatory reaction with giant cells. Electron microscopy showed encapsulated yeasts within arachnoid cells, which also had vacuoles that appeared to contain cryptococcal polysaccharide (Fig. 2c) . Of note was the invasion of pons and midbrain by cryptococci, without an inflammatory response (Fig. 2d) .
A patient with normal cerebrospinal fluid pressure

Case 5
A 28-year-old woman was admitted with headache, confusion, and seizures. GCS was 15/15. She had a rash consistent with cutaneous cryptococcosis. A computed tomography (CT) scan of the brain demonstrated brain atrophy with multiple hypodensities consistent with infarcts in the basal ganglia bilaterally and the left cerebellar hemisphere. CSF results were WBCs 2 cells/ml, protein 0.22 g/l, glucose 2.7 mmol/l, CRAG titre of 1 : 2048, quantitative culture 1 575 000 CFUs/ml CSF. The CSF opening pressure was 13 cmH 2 O. The CD4 cell count was 27 cells/ml and HIV viral load was 210 000 copies/ml. The patient died on the first day of the therapy.
Postmortem showed cryptococcal meningitis and disseminated cryptococcosis, with multiple intracerebral cryptococcomas. Relatively few organisms were seen in the arachnoid granulations (mean 19/high-power field, range 2-40) in which the channels were widely dilated. There were sparse lymphocytes, plasma cells, and multinucleate giant cells.
Discussion
This study provides the first direct evidence of the extent to which the arachnoid granulations accumulate cryptococcal cells in patients with cryptococcal meningitis. There were more organisms in the granulations than in the rest of the brain parenchyma, consistent with the concentration of viable and perhaps dead organisms in the granulations as a consequence of the circulation of CSF, as has been observed with red blood cells in patients with sub-arachnoid hemorrhage [8] . Although this is a very small series, the CSF opening pressure correlated with the mean number of organisms per high-power field in the granulations (opening pressures 80, 53, 28, 25, and 13 for cases 1-5, with respective mean cryptococcal cells of 286, 36, 61, 20, and 19, Spearman's correlation coefficient 0.9, P ¼ 0.04). The findings add to the evidence supporting obstruction to CSF outflow as the primary mechanism leading to raised CSF opening pressure in patients with cryptococcal meningitis.
The study also serves to illustrate the widespread involvement of the brain, as well as the meninges, in patients with cryptococcal meningo-encephalitis [9] . We postulate that invasion of the brainstem, or other vital structures, by cryptococcal cells, as demonstrated in case 4, may be one mechanism leading to sudden death in patients with cryptococcal meningitis.
In humans, the arachnoid granulations probably play a predominant role in CSF re-absorption, although lymphatic drainage around perineural sheaths of cranial and somatic nerve roots and even transependymal passage of CSF into the brain may also contribute [10] . The core of the arachnoid granulation consists of bundles of connective tissue fibers forming a porous meshwork with channels [7, 10, 11] . The barrier to CSF flow is provided by the arachnoid cell layer, which at the apex of the granulation, is in direct contact with the venous blood (Fig. 1a) [7] . Here, the layer is three to five cells thick, forming a cap cell cluster with a complex architecture of interdigitating cell processes.
Electron microscopy studies suggest both paracellular and transcellular, via intracellular vacuoles and pinocytosis, passage of CSF and particles. In monkeys, passage across granulations of Saccharomyces cerevisiae yeasts (3-6 mm), and goat (4 mm), and monkey (7 mm) erythrocytes, was demonstrated, whereas latex spheres of 6-12 mm were excluded [12] . In dogs, 25% of labeled red blood cells injected in the cisterna magna were recovered intact in the peripheral blood, whereas the remainder were enmeshed within the arachnoid [13] . In humans, free passage of particles up to 2 mm in diameter [14] has been shown while red blood cells appear within the granulations of patients following sub-arachnoid hemorrhage [15] . Of note, some of the encapsulated cryptococcal fungal cells we observed in arachnoid cells by electron microscopy would have exceeded these dimensions. Cryptococci are spheroidal to ovoid in shape and measure from 3 to 20 mm in diameter with the majority in the 6-9 mm range. High concentrations of particles have been shown to impede CSF outflow [12] .
In subarachnoid hemorrhage, accumulation of red blood cells in the granulation leads to an inflammatory response [8] . In our cases, despite low CD4 cell counts, lymphocytic and granulomatous responses, stromal necrosis, and fibrosis were seen within the arachnoid granulations. There was no immunologic reaction in only one case. It seems likely that the accumulation of encapsulated fungal cells and free lying polysaccharide in the granulations of patients with severe disease and high organism burdens, together with any associated inflammatory response, could obstruct arachnoid granulation function and reduce CSF outflow.
The pathophysiological basis of raised pressure is of great clinical significance, since it underlies current recommendations to treat raised pressure with repeat lumbar puncture and careful CSF drainage. Adherence to these guidelines was shown to be associated with improved outcome in a small series [16] , and in a large cohort of patients treated with repeat LPs, no association was found between opening pressure and survival [5] , in contrast to earlier studies upon which the guidelines were based in which repeat LPs were not routinely implemented [2] .
Many questions remain to be answered. Although a high organism load and cryptococcal antigen titer appear necessary for the development of high pressure, they are not sufficient [5] . Other factors that may be involved include the organism phenotype, in particular, the capsule phenotype [17] . It is also unclear how long the defect in reabsorption lasts and whether it may become irreversible. Although some patients respond to a number of days of repeat lumbar punctures, others do not. Some of these nonresponding patients respond to a temporary lumbar drain, but experience with this intervention is still limited, and the usual duration of drainage required is unknown.
